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Abstract
The term long-term epilepsy associated tumor (LEAT) encompasses lesions identified in
patients investigated for long histories (often 2 years or more) of drug-resistant epilepsy.
They are generally slowly growing, low grade, cortically based tumors, more often arising in
younger age groups and in many cases exhibit neuronal in addition to glial differentiation.
Gangliogliomas and dysembryoplastic neuroepithelial tumors predominate in this group.
LEATs are further united by cyto-architectural changes that may be present in the adjacent
cortex which have some similarities to developmental focal cortical dysplasias (FCD); these
are now grouped as FCD type IIIb in the updated International League Against Epilepsy
(ILAE) classification. In the majority of cases, surgical treatments are beneficial from both
perspectives of managing the seizures and the tumor. However, in a minority, seizures may
recur, tumors may show regrowth or recurrence, and rarely undergo anaplastic progression.
Predicting and identifying tumors likely to behave less favorably are key objectives of
the neuropathologist. With immunohistochemistry and modern molecular pathology, it
is becoming increasingly possible to refine diagnostic groups. Despite this, some LEATs
remain difficult to classify, particularly tumors with “non-specific” or diffuse growth
patterns. Modification of LEAT classification is inevitable with the goal of unifying
terminological criteria applied between centers for accurate clinico-pathological-molecular
correlative data to emerge. Finally, establishing the epileptogenic components of LEAT,
either within the lesion or perilesional cortex, will elucidate the cellular mechanisms of
epileptogenesis, which in turn will guide optimal surgical management of these lesions.
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INTRODUCTION
Any tumor type of any grade involving the brain can cause sei-
zures. The concept of a long-term epilepsy associated tumor
(LEAT) was introduced by Luyken et al in the recognition of
tumors more commonly encountered in surgical series of patients
who have been investigated and treated for drug-resistant seizure
episodes for 2 years or longer (172). Characteristics and properties
of LEATs that distinguish them from more conventional primary
brain tumors include a young age of onset of symptoms (with
epilepsy usually as the primary and often only neurological
symptom), slow growth, typically a neocortical localization and
often, a temporal lobe predominance. In addition, many LEATs
exhibit neuronal differentiation or incorporate native cortical neu-
rones. Their slow growth rate, compatible with long survival, is
likely a critical factor in the development of secondary cellular and
network reorganization in the adjacent cortex or even remote sites,
such as the hippocampus. All these elements may be fundamental
to the patient’s propensity for, and mediation of, focal seizures.

The prognosis for LEATs following surgical resection is, in the
majority of cases, favorable from both perspectives of improving

seizures and treating the tumor. However, in a proportion of cases,
seizures continue despite surgical resection. Similarly, a minority
of apparently low-grade World Health Organization (WHO) I
LEATs can behave more unpredictably and aggressively with local
tumor regrowth or recurrence and rarely manifesting as anaplastic
transformation to a higher-grade lesion. Histological or molecular
biomarkers that can identify such tumors likely to behave less
favorably is one the key objectives of the neuropathologist’s
review, in order to inform appropriate patient management.

In recent years, within the framework of LEATs and the revised
WHO classification of central nervous system (CNS) tumors (167),
there has been recognition of new, often rare, tumor types. In addi-
tion, occasional tumors have hybrid or mixed features that are more
difficult to categorize, for example, tumors with mixed features
of ganglioglioma and dysembryoplastic neuroepithelial tumor
(DNT), suggestive of a histological spectrum. Other neoplasms,
which meet the clinical and radiological criteria for a LEAT, lack
specific pathological or diagnostic features of currently recognized
entities in the WHO classification, for example, diffusely growing
cortical tumors with cytological similarities to DNT. One aim of
this review is to summarize the current tumor terminology and the
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pathological features of LEATs with attention to the newer entities
and to highlight current limitations in the classification systems.
In addition, we review the putative stem cell origins of LEATs
and associated adjacent cortical and reorganizational changes
that characterize some of these lesions. Identification of pro-
epileptogenic cellular mechanisms (either within the tumor or per-
ilesional cortex) has been a fundamental research area in recent
years and remains critical to our understanding of the processes
of epileptogenesis in LEAT and to guiding appropriate surgical
management.

LEATS: GLIONEURONAL TUMORS (GNT)

Gangliogliomas and gangliocytomas

Gangliogliomas are one of the more common tumors in epilepsy
surgical series (Table 1) and the best studied of the glioneuronal
tumor group; gangliocytomas, by comparison, are much less fre-
quently reported (Table 1). By definition, both contain nodular or
compact aggregates of dysplastic neurones (Figure 1A). Ganglion
cell tumors with more diffuse growth patterns have occasionally
been reported (230) (Figure 1C) where the differential diagnosis
may include cortical dysplasia. Although arising in any location,
gangliogliomas overall strongly favor the temporal lobe with a
slight male predominance (302) (Figure 2). The dysplastic neurone
has overt ganglioid morphology often with an enlarged, distorted
and multipolar cell body, vesicular nucleus with prominent
nucleolus, demonstrable Nissl substance and sometimes, bi- or
multinucleation. Immunohistochemistry typically demonstrates
synaptophysin (often peri-membranous), neuronal nuclear antigen
(NeuN) (weak to negative), neurofilament, chromogranin and
microtubule-associated protein 2 (MAP2) positivity to varying
degrees (Table 2). CD34-positive multipolar cells and processes
typically aggregate and surround the abnormal neurones in up to
80% of cases (Figure 1B) and frequent calbindin labelling of dys-
morphic ganglion cells has been noted (272). The proliferative glial
component of ganglioglioma varies in proportion, type [more often
astrocytic but oligodendroglial in up to 23% (221)] and distribu-
tion (30). Degenerative changes, such as calcification, are often
observed in ganglioglioma (Figure 3) and lymphocytic infiltrates
are particularly notable.

Gangliogliomas are largely WHO grade I neoplasms with a
favorable prognosis following surgery and over 90% of patients
have recurrence-free, long survivals. It is therefore important to
consider this diagnosis in the examination of a low-grade tumor in
a patient with a long history of epilepsy and not to overlook a minor
ganglion cell component. Equally important, however, is that over-
diagnosis of ganglioglioma can arise because of misinterpretation
of a conventional glioma overrunning and distorting (often enlarg-
ing) cortical neurones. It has been recently shown that there is poor
inter-observer reliability, even between experienced pathologists,
in differentiating infiltrative gliomas from classic gangliogliomas
on hematoxylin and eosin (H&E) sections, with agreement rates of
only 55% (118). NeuN immunohistochemistry is advocated as
superior to H&E in accentuating relatively evenly, intermittently
distributed neurones, often with vestiges of laminar ordering, in a
cortex overrun by tumor.

A small proportion of gangliogliomas display a more aggres-
sive biology with recurrence and progression. Histological

diagnosis of atypical and anaplastic ganglioglioma is based on
the identification of significant mitotic activity and elevated Ki67
index (typically >10%) or other features, including microvascular
proliferation and necrosis (168). The incidence of de novo ana-
plastic change (WHO grade III) was 5% in one large series,
involving the glial but not the neuronal component (30). Gan-
gliogliomas that are anaplastic at the time of presentation less
frequently involve the temporal lobe than their grade I counter-
parts (Figure 2), and are more common in young males (179,
256), but seizures are still the most frequent presenting sign
(139). The rate of anaplastic transformation of previous grade I
ganglioglioma was 1 in 177 tumors (0.6%) in one series (179)
and 1 in 38 (2.6%) in a pediatric series (77). Predicting those
gangliogliomas that are more likely to progress is imperative.
Clinico-pathological risk factors include age over 40, a nontem-
poral lobe tumor, incomplete resection and histological atypia.
IDH1 R132H mutations were observed in 8% of a cohort of 98
gangliogliomas and associated with advanced age, increased
atypia or anaplasia and worse outcome (118). It remains possible
that IDH1 mutant-positive cases actually represent conventional
gliomas misdiagnosed as gangliogliomas. Nevertheless, this
study highlights that IDH1 screening, as well as being a histo-
logical modifier, provides a useful adjunct and important prog-
nostic information for management guidance (118).

Overall, regarding treatment, there is evidence of improved
seizure control following early surgical intervention of gan-
gliogliomas (302). Gross total resection is recommended where
feasible and a recent review of 402 patients supported a role
for radiotherapy following partial resection, even for low-grade
ganglioglioma (225). By contrast, other studies have shown that
radiotherapy does not influence overall survival in anaplastic
ganglioglioma (256) and good outcome following gross tumor
resection alone (139).

Regarding diagnostic molecular-genetic signatures, BRAF
mutations have been identified in up to 50% of gangliogliomas (71,
251) linking this tumor with pleomorphic xanthoastrocytoma
(PXA) and pilocytic astrocytoma (Table 3). Recent reports of oli-
godendrogliomas that harbor foci of ganglion cell differentiation
have been described (213, 301). In order to distinguish these
from oligodendroglial gangliogliomas, analysis of tumoral CD34
expression and 1p/19q status may be helpful (see section on oligo-
dendrogliomas). Gangliogliomas have been reported in patients
with neurofibromatosis type 1 (238). Despite similarities to cortical
tubers, molecular analysis of TSC1&2 genes have not identified
mutations in gangliogliomas (205). Common genetic aberrations
included loss of 9p and gain of 7q (306) in one study. Gene-
expression studies in gangliogliomas have the potential to highlight
differences between other glioneuronal tumors and to identify
intercellular signaling pathways relevant to tumor formation
and seizures as well as distinct signatures for tumor types (83).
Abnormalities of the reelin-signaling pathway in gangliogliomas,
involving Cdk5, DCX and dab1, has been shown (25), although no
mutations in dab1 or p35 (137) were identified. Gene expression
profiles in gangliogliomas utilizing microarray showed altered
expression of inflammatory proteins, cell adhesion and prolifera-
tion molecules compared with control tissues (12). Furthermore,
a recent study demonstrated enhanced Pi3K-mTOR signaling
pathway activation in gangliogliomas, critical to cell growth, which
was not seen in DNT (37).
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Figure 1. Ganglioglioma. A. Aggregates of atypical ganglion cells of
varying size typically with neurofilament positivity demonstrated (inset)
are diagnostic criteria. B. Clusters of CD34 positivity cells around dys-
plastic neurones are often identified with scattered intermingled astro-
cytic cells (inset). C and D. LEAT with features of diffuse ganglion cell
tumor in the temporal lobe with cortex on right side comprising diffuse
and subcortical nodular aggregates (arrowhead in C) of neuronal islands
with atypical neurones (inset in C) within islands but no glial component
(Luxol fast blue/cresyl violet preparation). In the same case (D), neu-
rofilament highlights normal orientation of cortical neurones (arrow-
head) as well as the single dysmorphic white matter neurones (arrow in

main picture and top inset); CD34 was focally expressed around abnor-
mal neurones (bottom inset). E. A mixed glioneuronal tumor with rar-
efaction and pallor of the white matter beneath a diffusely infiltrated
cortex (arrowhead) but without cavitation or cystic change. (F–H) Cortex
adjacent to a ganglioglioma. F. H&E shows a disrupted cortical architec-
ture which may mimic a cortical dysplasia. G. NeuN reveals the vestiges
of an overrun cortex with residual lamination, including layers II and IV,
recognizable. H. CD34 staining reveals scattered multipolar cells, includ-
ing in layer I. Scale bar A, B = 40 mm; C = 100 mm; D–H = 115 mm.
H&E = hematoxylin and eosin; LEAT = long-term epilepsy associated
tumor; NeuN = neuronal nuclear antigen.
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Dysembryoplastic neuroepithelial tumours
(DNT)

This tumor virtually always presents with seizures, particularly
drug-resistant complex partial seizures and is frequently, albeit
variably, represented in LEAT tumor series (Table 1).The term DNT
was coined in the recognition of their early presentation and slow
progression in a quasi-hamartomatous fashion with a composition
of mixed neuroepithelial cell types including astrocytes and
oligodendrocyte-like cells (OLCs). The tumors have an intra-
cortical, nodular growth pattern and a predilection for temporal lobe
(Figure 2).A pathognomonic feature present in simple and complex
DNT is the glioneuronal element in which a specific cortical growth
pattern of microcolumns of OLC often aligned along vessels with an
intervening myxoid matrix and floating neurones are observed
(Figure 4A,B). It is arguable whether the identification of the glion-
euronal element, although a relatively specific feature, is an absolute
criterion for the diagnosis of DNT. It was noted in 59% of cases in the
original series and 73% of all reported DNT, as recently reviewed
(272). Differences in diagnostic criteria between centers may go
some way to explain the variation in the relative incidence of DNT
between epilepsy surgical centers (Table 1). Furthermore, there is
long-standing controversy in the acceptance of a diffuse form of
DNT which lacks the nodular architecture of conventional DNT but
is otherwise clinically and immunophenotypically similar. Tumor
with diffuse growth pattern, where included in classifications, repre-
sent between 28% and 35% of all DNT (36, 64, 116, 272). One of the
main reservations for its recognition is the potential overinclusion of
conventional gliomas, including oligodendrogliomas and astrocyto-
mas. However, lack of IDH1 mutation was recently shown in a study
of nine cases and in only 2 of 29 diffuse DNT in another study which
suggests that the majority are molecularly distinct from conven-
tional low grade gliomas (36, 272).

The lineage markers commonly reported in OLC of DNT are
arguably more supportive of neurocytic than oligodendroglial dif-
ferentiation (116, 206, 272, 296) (Table 2). However, it is not infre-

quent to encounter an individual case where immunohistochemical
support of neuronal differentiation using conventional markers is
not secured, the diagnosis nevertheless based on the distinctive
histological features. The original hypothesis of DNT arising from
residual multipotential precursor cell types in the subpial or
marginal zone niche remains attractive, but as yet unproven, with
inconclusive evidence for expression of developmentally regulated
proteins or progenitor cell markers such as Pax6,Tbr1, doublecortin
and delta-glial fibrillary acidic protein (d-GFAP) (272). Frequent
tumor localization in regions known to harbor multipotential cells in
adulthood, including the dentate gyrus, amygdala, superficial tem-
poral cortex and occasionally in periventricular regions (61, 287),
would seem more than a tantalizing coincidence but progenitor cells
with DNT-initiating properties remain to be identified.

Degenerative features, such as tumoral calcification, are rela-
tively common (Figure 3) and an underrecognized feature is dys-
myelination or rarefaction of the white matter in the vicinity of a
DNT (36, 272). The mature neuronal components of DNT, includ-
ing the “floating” neurones, lack the dysmorphism exhibited in
gangliogliomas, tend to express markers appropriate to corre-
sponding cortical layer (107) and retain normal orientation sug-
gesting they are “entrapped” (Figure 4J,K). This is supported by a
rare case of simple DNT that was immunopositive for mutant
IDH1, where the floating neurons were perceived as negative com-
pared with positive OLC (Figure 4D), implying that they are
non-neoplastic elements. By contrast, in glioneuronal tumors with
neuropil islands (see below), both the neuronal and glial elements
show positive immunolabeling for mutant IDH1, in support of
divergent differentiation (121). The “neuronal entrapment” hypo-
thesis of DNT, however, becomes more difficult to validate when
mature neurones are incorporated in extracortical tumor extensions
into the leptomeninges (Figure 4L) and ventricles (16).

The majority of DNT behave in a benign fashion as slowly
growing WHO grade I tumors. However, tumors with more accel-
erated growth rates have long been recognized (191). In addition,
recurrence or regrowth of tumors has been reported following

Figure 2. Diagram of the relative distribution
of glioneuronal long-term epilepsy associated
tumors (LEATs). DNT = dysembryoplastic
neuroepithelial tumor; GG = Ganglioglioma;
PGNT = papillary glioneuronal tumor;
RGNT = Rosette-forming glioneuronal tumor.
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surgical removal, more often when the initial tumors are partially
resected but also in a few cases following gross total resection (85,
177, 183, 232). Of interest, recurrence of DNT has been reported
more often with extratemporal tumors. There are just six reported
cases documenting progressive changes accompanied by accumu-
lative atypical or anaplastic features to a higher-grade tumor (74,
103, 241, 252, 272). These include oligoastrocytoma grade II, ana-
plastic astrocytoma and glioblastoma with one report of an ana-
plastic glioneuronal tumor (272). Overall, the chance of malignant
transformation of a DNT is likely to be less than 1%. Transforma-
tion was associated with postoperative adjuvant treatment in two
cases following the initial resection (232, 241) and in another case
with late initial surgical resection and focally elevated Ki67 index
(272). Extended follow-up periods in the postoperative periods are
therefore probably justified, particularly following partial tumor
resection, extratemporal DNT and cases with elevated Ki67.

Reported seizure-free outcomes following surgery vary from
62% to 100% (116, 268). There are reports of late seizure recur-
rences, even in the absence of tumor regrowth (50), and in a recent
study with longer follow-up periods of 10 years, 42% of patients
had remained seizure free (68). Partial resections have been associ-
ated with continued seizures (55, 194) often necessitating further
surgery. In terms of histological predictors of a seizure-free
outcome, there is no evidence that tumor type (simple, complex, vs.
diffuse) influences outcome. Comparison between pediatric andT
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Figure 3. The relative occurrence of degenerative pathological features
in long-term epilepsy associated tumors (LEATs). These common fea-
tures attest to the slow tumor growth and progressive accumulation
of more “ancient” features. The chart is shown as a five-tier system
from: 1 (palest white shade) = never reported; 2 (next lightest shade) =
rare reports; 3 (mid shade) = infrequent feature; 4 (darker shade) =
often (observed in around half of cases approximately); 5 (darkest
shade) = observed in majority of cases. DNT = dysembryoplastic
neuroepithelial tumor; GG = Ganglioglioma; PA = pilocytic astrocytoma;
PGNT = papillary glioneuronal tumor; PXA = pleomorphic xanthoastrocy-
toma; RGNT = Rosette-forming glioneuronal tumor.

Thom et al Long-Term Epilepsy Associated Tumors

355Brain Pathology 22 (2012) 350–379

© 2012 The Authors; Brain Pathology © 2012 International Society of Neuropathology



adult series does not disclose obvious outcome differences,
although single reports suggest that older age and longer duration
of epilepsy are associated with poorer outcomes (194). There are
also inconsistent reports regarding the influence of associated
cortical dysplasia in predicting seizure freedom (159, 242) and
extratemporal DNT has been associated with greater risk of con-
tinued seizures (55).

Papillary glioneuronal tumor (PGNT)

PGNT is a rare glioneuronal tumor first described by Kim and Suh
in 1997 (143). There have since been 58 cases of PGNT reported in
the literature, appearing mainly as single case reports (1, 15, 22, 39,
42–44, 53, 56, 69, 78, 82, 97, 105, 124, 125, 128, 131, 148, 150,
176, 188, 192, 217, 226, 265, 270, 274, 278, 282, 298). The PGNT
shows consistent histological features and was recognized in the
WHO 2007 classification as an entity distinct from ganglioglioma
(168). The PGNT arises in a supratentorial location. The most
common sites (based on information from published reports and
the unreported case illustrated in Figure 5) are temporal (36%),
frontal (28%), parietal (9%) and occipital lobe (2%) with 19% of
cases showing multilobar involvement on magnetic resonance
imaging (MRI) at presentation (Figure 2). In over half the cases, a
periventricular location was noted with an intraventricular origin in
three cases (trigone and third ventricle) (97, 270).Typical MRI
features show a cystic enhancing lesion with solid areas and often a
mural nodule.

PGNTs tend to be tumors of young adults with mean age at
presentation of 25.9 years (range 4–75 years). A history of seizures
was recorded in 34.5% of the reported PGNT, increasing to 53%
of patients where the tumor was localized to the temporal lobe.
However, in the majority of the reports where information is pro-
vided, the seizure history was short (less than 1 month), with epi-
lepsy of 2 years or more reported in only three cases (and therefore
strictly qualifying as a LEAT) (56, 105). Several reports in fact
highlight a relatively sudden onset of neurological symptoms in the
presentation of PGNT (148, 274). There is no evidence to support
that seizures are more often seen with pediatric PGNT (105).

Histologically the two components, represented in varying pro-
portion, include the papillary glial elements composed of a central
hyalinized vascular core with an outer layer of plump astroglia and
an intervening solid neuronal component composed of sheets of
neurocytes, ganglioid (features intermediate between neurocytes
and ganglion cells) and ganglion cells set within a neuropil matrix
(148)(Figure 5). The papillae, or more correctly pseudopapillae,
are formed by artifactual tissue dehiscence between the neuronal
and glial components and lack the orientation of glial cellular
processes observed in ependymal pseudo-rosettes (Figure 5G).
Homer Wright rosettes are generally absent in PGNT with larger
“neuropil-rosette” structures only occasionally reported (188,
282). The tumor is often, but not always (148), sharply demarcated
from adjacent parenchyma (125, 217). In contrast to other glioneu-
ronal tumors, cortical dysplasia has not been described in associa-
tion with PGNT.

The astrocytic component lining the papillae are GFAP and
nestin positive, with some reports of co-expression of synapto-
physin (105, 143, 278). However, neuronal proteins are largely
demonstrated in the interpapillary regions with diffuse synapto-
physin staining, and neurofilament expression restricted to theT
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ganglioid and full-blown ganglion cells (Table 2; Figure 5H).
Cytokeratin and epithelial membrane antigen (EMA) are negative.
A “non-specific” cell type has been described in PGNT, distinct
from astrocytes and neurocytes with a mini-gemistocyte or
rhabdoid-like appearance. Olig2 and PDGFRa labeling has also
been demonstrated in a subset of cells suggesting oligodendroglial
differentiation (97, 125, 270). Recent reports of co-expression of
synaptophysin and Olig2 in PGNT (82) have been used to propose
an origin of these tumors from a common multipotential, oligoden-
droglial progenitor cell type residing in the subventricular zone.
Inhibition of PDGFRa signaling has been suggested as a potential
therapeutic target. Labeling of PGNT with CD133 (105) and
Galectin-3 has also been reported (188).

In general, PGNT appears to be a pure entity without hybrid
tumor forms, apart from two cases which support pilocytic-like
areas in the vicinity (148, 274). Occasional eosinophilic granular
bodies and Rosenthal fibers are observed in PGNT. Capillary knots
of endothelial vascular proliferations have occasionally been noted
(22) and in one case, an angioma-like proliferation of small capil-
laries (226). Degenerative calcification and old blood pigment may
be present (Figure 3). In one patient, the tumor presented with a
brain hemorrhage (44) and in another, was associated with devel-
opment of superficial siderosis (150) attesting to a predilection
for bleeds which may be relevant to development of seizures (see
section on mechanisms of epileptogenesis).

Atypical histological features are usually not evident in PGNT,
with a lack of mitotic activity and Ki67 labeling index of 1%–2% in
the majority of cases. In over 80% of reported cases with postsurgi-
cal follow-up data (mean follow-up period 3.5 years; range 0.2–19
years), there were no tumor recurrences, whether gross total or
partial resections, and it is regarded as a WHO grade I neoplasm.
However, recent reports have highlighted cases with atypical histo-
logical features (1, 124) and recurrent behavior requiring adjuvant
treatment (192). Although it has been stated that increased mitotic
activity is not directly predictive of adverse prognosis (282), of
note, in five reported progressive, recurrent or fatal PGNT, elevated
Ki67 indices of between 5% and 16% were observed (128, 131,
188).

The limited molecular genetic studies of PGNT (Table 3) report
O6-methylguanine-DNA methyltransferase (MGMT) hyper-
methylation and phosphatase and tensin homolog (PTEN) loss but
no. 1p/19q loss, isocitrate dehydrogenase (IDH1) or BRAF muta-
tion, or epidermal growth factor (EGFR) amplification (188, 270).
Gains and structural aberrations of chromosome 7 have been
shown (82). A recently reported recurrent and fatal PGNT in a child
was associated with PMS2 germline mutation (131).

Rosette-forming glioneuronal tumors (RGNTs)

This rare GNT type arising near the fourth ventricle/posterior fossa
is not typically associated with clinical seizures, but included here
for its intriguing histological similarity to supratentorial DNT (257,
263). In fact, the first report of RGNT referred to this as “DNT of
the cerebellum” (157) with its composition of a round neurocytes
(resembling OLCs of DNT), formation of delicate rosettes
(Figure 6A–C), alveolar growth patterns (Figure 6D), pilocytic
astrocytoma-like components and degenerative features (Figure 3).
Histological differences between DNT and RGNT are cited as a
lack of true synaptophysin-positive neurocytic rosettes in DNT and

the infrequency of the specific glioneuronal element with “floating
neurones” in RGNT (149, 257). If floating neurones in DNT repre-
sent trapped cortical neurones rather than neoplastic elements, this
could explain this difference. RGNTs have been reported in the
pineal region, optic chiasm, septum pellucidum and spine (4, 92,
248, 299). Reports of DNT-like neoplasms arising in the septum
pellucidum, some presenting with seizures (16), as well as tumors
with coexisting features of DNT and RGNT (169), suggest that
morphologically similar tumors arising in divergent locations may
be united by origin from a common progenitor cell type residing
in the residual niches of the periventricular germinal matrix or
marginal zone.

Glioneuronal tumor with neuropil islands (GTNI)

GTNI, first described in 1999 (271), has histological features of
diffuse fibrillary or gemistocytic astrocytic gliomas, or occasionally
oligodendrogliomas, punctuated by islands or nodules of neuronal
differentiation. These are characterized by synaptophysin-positive
neuropil rosettes with a circumferential rim of NeuN-positive small
neurocytes; occasional ganglion cells may be interspersed and the
overall morphology is distinct from rosettes of other glial and glion-
euronal neoplasms. A significant proportion of patients with GTNI
present with seizures (271) either of short or long duration of several
years (2, 142, 220), raising possible functional properties of the
neuronal component. In these tumors, the neuronal differentiation
represents the minor component and is more often (20, 271), but not
always (142), nonproliferative. Some cases with proliferating neu-
ronal islands are more reminiscent of PNET-like differentiation
pathways (276). In general, though, the progressive, anaplastic
behavior reported in GTNI appears largely dictated by the astroglial
element. GTNI are mainly supratentorial, with three cases showing
spinal involvement which may represent disseminated tumor (91).
Molecular profiles of GTNI are similar to diffuse astrocytoma with
frequent IDH1 mutation (Table 3).

GTNI draws comparison to the well-reported observation
of neuronal differentiation in conventional oligodendrogliomas,
including cases with clear neurocytic differentiation and Homer
Wright rosettes as reported by Perry et al (212). All four patients in
Perry’s study presented with seizures and three of four had loss of
heterozygosity (LOH) for 1p/19q. Similarly, both of the unpub-
lished neurocytic oligodendrogliomas shown in (Figure 7) also had
1p/19q LOH, although neither presented with seizures. In conclu-
sion, there is limited data as to whether neurocytic oligoden-
drogliomas more often present with seizures than conventional
oligodendrogliomas and whether they should be reclassified as
glioneuronal tumors.

LEATS: GLIAL TUMORS

Pilocytic astrocytoma (PA)

PAs are circumscribed, slowly growing tumors that correspond to
WHO grade I (167) and they occur throughout the neuraxis. The
most common symptoms are associated with increased intracranial
pressure; however, supratentorial PAs have been shown to be fre-
quently associated with chronic epilepsy (90). Accordingly, PAs
are included within the common histological entities encountered
in series of tumor-associated epilepsy cases (172, 218, 293)

Thom et al Long-Term Epilepsy Associated Tumors

357Brain Pathology 22 (2012) 350–379

© 2012 The Authors; Brain Pathology © 2012 International Society of Neuropathology



(Table 1). The radiological (21) and histological features of PAs are
characteristic, the latter most often including biphasic growth pat-
terns, bipolar astrocytes and Rosenthal fibers. Other features that
are variably present in PAs are degenerative changes, including

hyalinized blood vessels, calcification, infarct-like necrosis and
chronic inflammation with lymphocytic infiltrates (Figure 8). In
addition, there is evidence of microglial activation (120), together
with an up-regulation of immune system-related genes (145).
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Overlapping histologic features between PAs and the glial com-
ponent of ganglioglioma (GG) can make the differential diagnosis
difficult. PAs may occasionally contain neurons that appear to be
part of the neoplasm (30, 47). In these cases, the discrimination
between preexisting neuronal cells and dysplastic neurons can be
critical and may require additional immunocytochemical analysis;
for example, the absence of CD34 immunoreactivity combined
with MAP2-postive neoplastic glial cells supports the diagnosis of
PA (30).

Classical PAs have generally a favourable prognosis after gross
total resection alone (172); long-term survival and good seizure
outcome of supratentorial PAs have also been reported within
epilepsy-associated tumor cases (172, 218, 293); for reviews, see
(29, 228) (Table 1). Histologic progression represents a rare finding
in PAs; however, PAs with anaplastic features have been recently
reported and these tumors have been associated with decreased
patient survival times when compared with typical PA (201, 239).
Worse prognosis is also associated with pilomyxoid astrocytoma
(WHO grade II), a variant of PA mainly localized to the
hypothalamic/chiasmatic region [although may also occur in other
regions, such as in the temporal lobe; (273)] of infants and charac-
terized by a monomorphic cytology, prominent myxoid matrix,
lack of a compact component and an angiocentric growth pattern,
generally without Rosenthal fibers or eosinophilic granular bodies.

Understanding the histogenesis and molecular pathogenesis of
PAs, as well as the genetic changes associated with tumor recur-
rence or malignant transformation, represents a major challenge in
the field of pediatric neuro-oncology. Several studies have demon-
strated clear differences in gene expression profiles between PAs
and diffusely infiltrating gliomas, suggesting similarities with fetal
astrocytes, as well as with oligodendrocyte progenitor cells (41, 59,
106, 120). A more recent study suggests that PAs may arise from a
single population of glial progenitors during fetal or early postnatal
life (209).

Most of the genetic changes commonly encountered in diffuse
astrocytomas are rarely detected in PAs (57, 195, 207). Previous
cytogenetic studies have shown a normal karyotype in the vast
majority of both adult and paediatric cases (199, 244). Jones et al
(133) showed a nonrandom pattern of genetic alteration in PAs,
demonstrating chromosomal gains which increased with age and
more frequently affected chromosomes 5 and 7 (followed by 6, 11,
15, and 20).

However, over the last few years, rapid progress has also been
made in elucidating the molecular pathogenesis and recent

studies have highlighted the importance of MAPK pathway acti-
vation in PAs [for reviews, see (73, 75, 108)]. Rearrangements or
mutations of the BRAF oncogene (a member of the RAF family
of serine/threonine proteins involved in the RAS-RAF-MEK-
ERK-MAP kinase signaling pathway) are believed to represent
the mechanism leading to MAPK pathway activation in PAs (58,
134, 214, 251). Several studies have shown that BRAF fusion is
more frequent in cerebellar than in extra-cerebellar tumors (89,
117, 127, 134), but the study of Schindler et al (251) indicates
that, contrary to BRAF fusion, BRAF V600E mutation was
strongly associated with extracerebellar location (251). Interest-
ingly, BRAF has been shown to be mutated in a subgroup of
pediatric low-grade glial tumors, including not only PAs, but also
desmoplastic infantile ganglioglioma, ganglioglioma and pleo-
morphic xanthoastrocytoma (71, 251) (Table 3). BRAF rear-
rangements do not seem to be associated with PAs with different
behavior and they remain to be determined if clinical outcome is
influenced by BRAF status (112, 117). Although BRAF rear-
rangement or mutation appears to predominate in sporadic PAs
(308), a BRAF V600E mutation has been reported in an NF1
patient, suggesting that more than one RAS/ERK pathway com-
ponent can be affected in PAs (76). A recent study suggests that
activation of the PI3K/AKT, in addition to MAPK/ERK signaling
pathways, may influence the biological behavior of PAs, mediat-
ing the increased proliferative activity observed in anaplastic
tumors (236).Mutations in the isocitrate dehydrogenase (IDH1
and IDH2) genes were not detected in PA. Thus, combined
molecular analysis of BRAF and IDH1 may represent a sensitive
and highly specific approach to separate pilocytic astrocytoma
from diffuse astrocytoma (40, 152).

Pleomorphic xanthoastrocytoma (PXA)

PXA is an astrocytic tumor that predominantly occurs in children
and young adults and usually has a relatively favorable behavior,
corresponding histologically to WHO grade II (167). PXAs
account for less than 1% of all astrocytic tumors. PXA has a typical
superficial meningo-cerebral location (Figure 9A), often with
involvement of the temporal lobe (167). Patients with PAs often
present with seizures and are frequently represented in epilepsy
surgery series within the spectrum of LEATs ( (172, 218, 293); for
reviews, see (29, 228) (Table 1).

Most of the lesions are cystic and nodular, often consisting of a
mural nodule within the cyst. They are usually superficially located

Figure 4. Dysembryoplastic neuroepithelial tumor (DNT). Simple-type
DNT with a typical glioneuronal element as visualized with (A) H&E,
(B) NeuN and (C) GFAP; in this case, IDH1 mutation was present with
positivity for mutant protein in oligodendroglial-like cells (OLCs), while
floating neurones (arrow in D) were immunonegative. This tumor
occurred in a patient with a 5-year history of seizures and a temporal lobe
lesion on neuroimaging compatible with a DNT. E. Another simple DNT
which had 1p 19q LOH, which is a rare finding. F. Complex multinodular
DNT with 1p19q LOH and CD34 highlighting the nodular architecture.
G–I illustrate a simple DNT in which intracranial recordings were carried
out using subdural grids. The cortical sample illustrated in (H) was from
an area with rapid firing discharges and showed normal architecture
and no neoplasm whereas a more electrically quiet area (illustrated in

I) revealed the DNT. J. A DNT intracortical nodule of NeuN-negative
OLCs (arrowheads) in which entrapped layer V neurones are identified
with NeuN. In addition, the entrapped “floating” neurones within DNT-
specific elements display layer-appropriate cortical laminar markers and
normal morphology and orientation, as shown here with Map1b (arrow-
head) (K). L. Where a complex DNT overruns the superficial cortex and
spills into the overlying leptomeninges, NeuN reveals the underlying
residual cortical neurones with occasional NeuN-positive cells within the
meningeal tumor extension (arrowhead, Layers I and II shown). Scale
bar = A–E 70 mm; F 80 mm; H,L 120 mm; I–K = 75 mm. GFAP = glial fibril-
lary acidic protein; H&E = hematoxylin and eosin; NeuN = neuronal
nuclear antigen.
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and attached to the meninges and the cyst wall is often well demar-
cated from the surrounding cerebral cortex (167). Histopathologi-
cally, PXAs are characterized by cellular pleomorphism and xanth-
omatous changes (167) (Figure 9C).Typical tumor cells in PXAs are
large astroglial cells with abundant eosinophilic cytoplasm and
large, often bizarre and sometimes multilobated nuclei; nuclear
inclusions can be also observed. The xanthomatous changes consist
in the presence of large cells with accumulation of lipid droplets and

these cells are also GFAP positive; eosinophilic granular bodies are
frequent (Figure 9). The prominent reticulin network is also charac-
teristic and can be demonstrated with silver impregnation staining,
as well as by immunocytochemistry with collagen IV and by elec-
tron microscopy (EM) as pericellular basal lamina; lymphocytic
infiltrates may be present in PXA (Figure 9B). Mitoses are rarely
seen and the MIB-1 labeling index is generally lower than 1% (167).
High mitotic activity (five or more mitoses per 10HPF) and necrosis

Figure 5. Papillary glioneuronal tumor
(PGNT). A cystic temporal lobe tumor in a
32-year-old male which has shown no
recurrence 11 years later. A. Shows papillary
projections visible on smear with adherent
cells and intervening ganglion cells (toludine
blue) and similar composition was noted in
cytospin preparations of aspirated cyst fluid
(Giemsa) (B). C. Histology showed solid areas
composed of mixed glial-papillary structures
and intervening neurocytes. In area D,
pseudopapillary architecture was visible.
E. Ganglion cells admixed with smaller
neurocytes were clearly identified in
interpapillary regions and (F) extensive
synaptophysin labeling was visible. (G) GFAP
expression was restricted to the perivascular
layer of cells immediately adherent to the
papillae and (H) neurofilament stain
highlighted the ganglion cells only. Scale
bar = 35 mm. GFAP = glial fibrillary acidic
protein.
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are uncommon at presentation and the term of “PXA with anaplastic
features” has been used (24, 99, 171).

The tumor cells in PXA display the ultrastructural features of
astroglial cells, along with immunoreactivity for GFAP and S-100.
However, a neuronal pattern of differentiation has been reported in
a subset of PXAs, including with expression of neuronal markers
such as synaptophysin and MAP-2 (102, 122, 158), as well as
neuronal features ultrastructurally (114). CD34 expression has also
been observed (30). Thus, the differential diagnosis with GG may
be particularly difficult on stereotactic biopsy. The lack of a clear
neuronal dysplastic component, together with the MAP2-positivity
of neoplastic astrocytes, may help to differentiate these two entities
(Table 2).

A possible origin from subpial astrocytes was suggested in the
past (141), based on the superficial location of the tumor and the
ultrastructural features of tumor cells with prominent pericellular
basal lamina. However, the features suggesting neuronal differen-
tiation, as well as the reported association with cortical dysplasia,
support a possible developmental origin from multipotential neuro-
ectodermal precursor cells or from a preexisting region of cortical
dysplasia (122, 158, 218). PXA has been reported in NF1 patients
and can be included in the broad spectrum of astroglial tumors that
can occur in NF1 (109, 156, 202). A case of temporal lobe PXA has
been recently reported in a patient with DiGeorge syndrome/

velocardiofacial syndrome (DGS/VCFS), a rare congenital genetic
disorder resulting from a constitutional microdeletion at chromo-
some 22q11.2 (187).

Previous cytogenetic studies have shown complex karyotypes in
PXA, with translocations involving the long arm of chromosome 1,
gains on chromosomes 3, 4, 5, 7, 19, 20 and X, and losses on
chromosomes 9, 17, 18, 20 and 22 (164, 247, 305). Kaulich et al
(140) showed that CDK4, MDM2 and EGFR genes were not ampli-
fied in any of the 62 tumors analyzed, indicating differences
between the chromosomal and genetic aberrations of PXAs and
those typically associated with diffuse astrocytomas. Weber et al
(290) reported homozygous 9p21.3 deletions, involving the
CDKN2A/p14(ARF)/CDKN2B loci. TP53 mutations were also
reported in some PXAs (101, 208, 309). The methylation of the
MGMT gene promoter does not appear to be frequent in PXA
(182). Mutations in the IDH1 gene were not detected in PXAs (17,
84). In contrast, BRAF V600E mutations are common (71, 89, 251)
(Table 3).

Surgery remains the mainstay of treatment and PXAs have gen-
erally a favorable prognosis, as indicated by overall survival rates
of 81% at 5 years and 70% at 10 years (100, 203, 269). Long-term
survival and good seizure outcome of PXAs have also been
reported within epilepsy-associated tumor cases (172). However,
recurrence and anaplastic transformation may occur and close

Figure 6. Rosette-forming glioneuronal tumor (RGNT) of the fourth ven-
tricle. A–C. This was the third recurrence of an RGNT in 23 years. No
anaplastic features were noted but there was vascular thrombosis and
hemorrhage in this specimen (not shown): Typical neurocytic rosettes
are seen with (A) H&E, (B) synaptophysin and (C) GFAP. (D–F) First

resection of a cerebellar vermis RGNT: D. Shows an alveolar arrange-
ment of neurocytes around mucin-filled cystic spaces. E. Hyalinization
of vessels is often a striking feature and (F) proliferating knots of capi-
llaries. Scale bar = 45 mm. GFAP = glial fibrillary acidic protein; H&E =
hematoxylin and eosin.
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follow-up is recommended because of their relatively unpredict-
able biological behavior (181).

Diffuse astrocytoma

Diffuse astrocytomas represent slowly growing, diffusely infiltrat-
ing tumors that correspond histologically to WHO grade II. They
occur throughout the CNS, but most commonly arise in the cere-
bral hemispheres of young adults (frontal and temporal cerebral
lobes). Diffuse astrocytomas account for 10%–15% of all astro-
cytic tumors (167). Seizures represent a common presenting
symptom and these tumors are represented in epilepsy surgery
series within the spectrum of LEATs (172, 218, 293); for reviews,
see (29, 228) (Table 1). There is evidence that an initial presenta-
tion with seizures can influence long-term survival (23). Histo-
pathologically, diffuse astrocytomas consist of well-differentiated
tumor astrocytes (fibrillary, protoplasmic or gemistocytic). The cel-
lularity is moderately increased compared with control cortex,
but mitotic activity, necrosis, and microvascular proliferation are
lacking (167).

Previous clinico-neuropathological studies have shown differ-
ences between astrocytomas with a very long history of seizures
and those with a very short history of seizure, proposing a subtype
presenting with better prognosis in patients with chronic epilepsy,
the so-called “isomorphic astrocytoma” (34, 253). The latter were
characterized by low cellularity, lack of mitotic activity and highly
differentiated astroglial elements infiltrating the brain parenchyma;
the MIB-1 labeling was less than 1% and there was no evidence
of p53, glial MAP2 or CD34 expression (34). Moreover, this sub-
group of astrocytomas showed significantly better survival and
lower recurrence rate, similar to those of PAs (253).

Diffuse astrocytoma has been reported in patients with
Li–Fraumeni syndrome, characterized by a p53 germline point
mutation (267). Accordingly, TP53 mutations are frequently
encountered in diffuse astrocytomas (49, 87, 135, 144) and shorter
survival has been reported for patients with low-grade gliomas
harboring such mutations (144).Comparative genomic hybridiza-
tion (CGH) analysis has additionally revealed frequent gains of 7q,
5p, 8q, 9 and 19p, and losses of 1p, 19q and Xp in diffuse astrocy-
tomas (14, 115, 254). A recent study using high-resolution CGH
points to genetically distinct subsets of diffuse low-grade gliomas
and suggests that tumors with complex chromosomal aberrations
are often more aggressive (62). Methylation of MGMT gene pro-
moter has been reported in diffuse astrocytoma and has been con-
sidered a prognostic and predictive marker (147, 190, 193, 289).
IDH1 mutations are common in diffuse low-grade glioma, with
high frequency in diffuse astrocytomas (17, 51, 110, 144). The
predictive value of IDH1 mutation in WHO grade II gliomas is,
however, still a matter of debate; such mutations have been associ-
ated with a more favorable outcome in grade II gliomas (72, 245);
however, another study indicates that the presence of IDH1/2 muta-
tions are not prognostic on either univariate or multivariate analy-
ses (144). Visualization of the most frequent IDH1 mutation with
an antibody specifically detecting mutant IDH1-R132H protein has
been shown to be useful in differentiating reactive from neoplastic
cells in grade II gliomas (49). In a recent study, IDH1 mutations
were detected in 76% of WHO grade II astrocytomas (but no BRAF
fusions), whereas in PA, BRAF fusion was observed in 70% of
cases (but no IDH1 mutations), suggesting the combined molecu-
lar analysis of BRAF and IDH1 to differentiate PA from diffuse
astrocytoma (152). BRAF V600E mutations were found in PA,
PXA and GG, whereas glioblastomas and other diffuse gliomas,

Figure 7. Neurocytic differentiation in oligodendrogliomas. Case 1
(A–D): Tumor composed of nodules of round cells (A,B) in areas resem-
bling both extraventricular neurocytoma and typical oligodendroglioma,
including both focal synaptophysin (C) and GFAP (D) positivity. Case 2
(E–H): oligodendroglioma-like areas (E) and regions with neurocytic
morphology and rosettes (F). There was focal expression of MAP2 (G)

and GFAP (inset), in addition to neuronal markers, synaptophysin (H)
and NeuN (inset). Both cases showed combined 1p/19q LOH and
in patient 2, there was an additional IDH1 mutation, but in neither case
was there a seizure history. Scale bar A,B,E 45 mm; C,D,F,G,H 30 mm.
GFAP = glial fibrillary acidic protein; MAP2 = microtubule-associated
protein 2; NeuN = neuronal nuclear antigen.
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including WHO grade II astrocytomas, were characterized by a low
frequency or absence of mutations (250, 251) (Table 3).

Oligodendroglioma

Oligodendrogliomas represent diffusely infiltrating tumors that
correspond to WHO grade II and most commonly arise in the
cerebral hemispheres of adults in the frontal, temporal, parietal and
occipital lobes (with a ratio of about 3:2:2:1); they account for
5%–6% of all gliomas (167). Seizures represent a common pre-
senting symptom and these tumors are represented in epilepsy
surgery series within the spectrum of LEATs (172, 218, 293); for
reviews, see (29, 228) (Table 1).

Oligodendrogliomas have an infiltrative growth patterns that
often produce an expansion of the involved gyrus with some cases
infiltrating the leptomeninges. Calcification and intratumoral hem-
orrhages are not uncommon. Histopathologically, oligodendroglio-
mas are moderately cellular, diffuse infiltrating tumors composed
of glial cells with uniform nuclei, small amounts of cytoplasm and
minimal cell processes. In paraffin sections, these cells display
characteristic perinuclear halos (“honeycomb” morphology). Also

characteristic is the capillary vascular pattern with thin-walled and
branching capillaries (“chicken wire” pattern). Microcalcifications
are common and microcystic changes can also be observed.
Subpial accumulations of tumor cells, as well as perineuronal
satellitosis, are commonly observed. Prominent mitotic activity,
microvascular proliferation and/or necrosis are not features of
WHO grade II oligodendrogliomas; the MIB-1 labeling is gener-
ally less than 5% (167).

EM examinations may detect cells types with different ultra-
structural features, including typical oligodendroglial cells with
large round nuclei and scant cytoplasm, cells with abundant cyto-
plasm rich in ribosomes and glycogen granules, and the minigemis-
tocyte containing abundant intermediate filaments (154, 165, 167,
246).

Immunocytochemistry has a limited role in the identification
of oligodendroglial tumor cells. GFAP can be expressed in both
reactive astrocytes and in some oligodendroglial tumor cells (ie,
minigemistocytes and gliofibrillary oligodendrocytes). The oligo-
dendroglial lineage-associated markers, Olig-1 and Olig-2, are in
fact expressed in different types of gliomas (196), including astrocy-
tomas; as such, they represent good glioma markers in general, but

Figure 8. Pilocytic astrocytoma (PA). A–B. (Toluidine blue): intraoperative smear preparations of PA showing cells with fine pilocytic (hair-like)
processes and regular round-oval nuclei; insert in A: a Rosenthal fiber. C–E: Typical biphasic histological pattern consisting of compact areas and loose,
hypocellular areas (C–D, H&E); Rosenthal fibers are shown in D and GFAP immunoreactivity in E. Scale bars: A, D 40 mm; B, 20 mm; C, 160 mm; E,
80 mm. GFAP = glial fibrillary acidic protein.
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are not specific to oligodendrogliomas as was originally hoped.
The MAP2 is expressed in both astrocytic and oligodendroglial
neoplasms, although a distinct pattern of immunoreactivity has been
reported in oligodendroglioma (33). In addition, the immunocy-
tochemical profile of oligodendroglial tumor cells is further com-
plicated by the expression of neuronal markers (285, 291, 296)
(Table 2). Whether these tumors arise from the neoplastic transfor-
mation of mature oligodendrocytes or, as suggested by experimental
data, from progenitor cells, is still a matter of discussion (41, 260).

Familial clustering of oligodendrogliomas is rare and only a few
cases have been reported (26, 88, 155). Point mutations of TP53 are
not common in familial oligodendrogliomas (267). TP53 muta-
tions have been detected in sporadic oligodendrogliomas, but with
a lower frequency compared with other low-grade gliomas (diffuse
astrocytomas and oligoastrocytomas) (130, 144, 197). LOH studies
have demonstrated that most oligodendrogliomas lose both the 1p
and 19q chromosomal arms (up to 80% of tumors), which is con-
sidered the hallmark alteration in these tumors. Loss of 1p/19q has
been shown to represent not only a diagnostic marker, but also
a well-recognized prognostic marker associated with prolonged
survival and chemosensitivity in patients with oligodendroglial
tumors (27, 40, 46, 62, 129, 144). In addition, 10q LOH has been
suggested to decrease survival in patients with oligodendroglial

tumors, irrespective of 1p/19q LOH status (229). Whether some of
these cases represent the small cell variant of glioblastoma rather
than true oligodendrogliomas remains controversial. Hypermethy-
lation of multiple genes, including the MGMT gene promoter, has
also been reported in oligodendrogliomas (70, 81, 185, 288). In
terms of seizures predicting outcome in oligodendroglioma, it was
associated with better survival in one series (184)

IDH1 mutations are common in oligodendrogliomas, with high
frequency in both oligodendrogliomas and oligoastrocytomas
(17, 51, 52, 110, 144). Thus, IDH1 mutation may represent a useful
marker for the diagnosis of diffuse WHO grade II glioma when the
differential diagnosis includes other considerations, such as pilo-
cytic astrocytomas, ependymomas, glioneuronal tumors and non-
neoplastic brain tissue. Moreover, immunocytochemistry with the
antibody that specifically detects R132H-mutated IDH1 protein
has been shown to be useful in the diagnosis of oligodendrogliomas
with neurocytic differentiation and in the difficult discrimination of
these tumors from extraventricular neurocytomas (52). A recent
study, addressing the frequency of various combinations of genetic
alterations in low-grade diffuse glioma, showed that survival in
patients with 1p/19q � IDH1/2 mutation was significantly longer
than that of patients with TP53 mutation � IDH1/2 mutation
(144).

Figure 9. Pleomorphic xanthoastrocytoma
(PXA). A–C (H&E): A: superficially located PXA
well demarcated from the underlying cerebral
cortex. Panels B–C: PXA with cellular
pleomorphism, xanthomatous changes and
eosinophilic granular bodies (insert in B);
arrows in B show perivascular lymphocytic
infiltrates. The xanthomatous changes consist
of large cells with accumulation of lipid
droplets (C). Panel D.(electron microscopy)
shows vacuolated cytoplasm in PXA cells.
GFAP (E), MAP2 (F)and synaptophysin (G)
immunostaining in PXA cells. Scale bars: A–B,
160 mm; C, F 40 mm; D, 5 mm; E, 80 mm; G,
20 mm. GFAP = glial fibrillary acidic protein;
MAP2 = microtubule-associated protein 2.
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BRAF V600E mutations were found in PA, PXA and GG,
whereas glioblastomas and other diffuse gliomas, including WHO
grade II oligodendroglioma, were characterized by a low frequency
or absence of mutations (250, 251) (Table 3).

Angiocentric gliomas (AG)

AG represents a rare slowly growing cerebral tumor that has been
recognized by the WHO as a grade I tumor (167). AGs often occur
in children and young adults and are more frequently identified in
the setting of chronic epilepsy (13, 89, 94, 119, 174, 178, 180, 186,
218, 223, 224, 258, 275, 286) (Table 1). AGs have a cerebrocortical
location, often with involvement of the fronto-parietal and tem-
poral lobe (167).

On MRI, AGs appear as well-circumscribed solid, hyper-
intense, nonenhancing cortical lesions often with involvement
of the subcortical white matter; intrinsically high signal on
T1-weighted images and a stalk-like extension to the ventricle are
characteristics of AGs; necrosis and calcification are rare findings
(162, 174, 178, 224, 275, 286).Macroscopically, AGs may
produce an expansion of the involved region with blurring
of anatomical structures. Histopathologically, AGs consist of

monomorphic, bipolar spindled cells with elongated nuclei
and with a characteristic angiocentric arrangements around cor-
tical blood vessels, forming perivascular pseudorosettes with
an ependymoma-like appearance (167) (Figure 10). However,
variations in the histopathological features (cell shape and
arrangement) have been reported (13). Mitoses, necrosis and
microvascular proliferation are usually not observed.

The MIB-1 labeling ranges from 1% or less to 5% (generally 1%
or less) (167). A case with anaplastic features on recurrence,
including an increased labeling index of 10%, has been previously
reported (286). More recently, Li et al (163) reported a series of
three AGs with elevated proliferative indices (~10%) and increased
mitotic activity at presentation. Nevertheless, these cases followed
a benign clinical behavior with protracted recurrence-free survival
after 6 years of follow-up (163).

Immunohistochemistry for GFAP, S-100 and vimentin are posi-
tive, while neuronal markers (such as synaptophysin, chromogra-
nin and NeuN) and p53 are negative (Table 2). Expression of EMA
with a “dot-like” cytoplasmic pattern is frequently detected in the
tumor cells forming rosettes (Figure 10E). Immunohistochemistry
and EM provide evidence of mixed astrocytic and ependymal
differentiation (224, 286).

Figure 10. Angiocentric gliomas (AG).
A–B (H&E): AG with characteristic
perivascular pseudorosette growth pattern.
C. Compact areas with elongated tumor cells.
GFAP (D), EMA (E; “dot-like” staining), CD34
(F, negative in tumor cells), p53
(G) immunostaining in AG; (images A, B,
D–G, kindly provided by Dr. A.J. Becker
Department of Neuropathology; University of
Bonn Medical Centre, Germany). Scale bars:
A: 160 mm; B: 40 mm. C–G: 80 mm.
EMA = epithelial membrane antigen;
GFAP = glial fibrillary acidic protein.
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The histogenesis of AGs is still unclear and a matter of debate.
The morphological, immunohistochemical and EM features,
described previously, have supported the hypothesis that AGs could
arise from an ependymal precursor cell (161). However, the typical
cortical location of these tumors argues against an origin from
native ependymocytes or tanycytes. Another hypothesis suggests
that AGs may arise from bipolar radial glial during the early stages
of corticogenesis (162, 186). Accordingly, the reported association
with cortical dysplasia supports the developmental origin of these
tumors, possibly from multipotential neuroectodermal precursor
cells (218). CGH has revealed a focal chromosomal loss involving
6q24-q25 as the only alteration in 1 of 8 cases; in addition, high-
resolution screen by array-CGH has identified, in 1 of 3 cases, a
copy number gain at 11p11.2 containing the protein-tyrosine phos-
phatase receptor-type gene (224). In the few AG cases evaluated,
loss of 1p/19q has not been shown (223). Surgery represents the
treatment of choice and AGs have a favorable prognosis with long-
term survival and good seizure outcome (174, 178, 186, 218, 224).

IMMUNOHISTOCHEMISTRY IN THE
ASSESSMENT OF LEAT
A broad panel of neuronal and glial markers is recommended in the
evaluation of low-grade tumors in epilepsy, particularly for the
disclosure of any neuronal differentiation (Table 2). One marker
that has been recently widely employed in the evaluation of low-
grade and malformative lesions in epilepsy is the vascular and stem
cell marker, CD34. Although not uniquely expressed in LEATs,
having been reported in the giant cell variant of GBM (95) and in
the sarcomatous portion of gliosarcomas (237, 292), it appears to
be expressed in a high proportion (70%–80%) of epilepsy-
associated tumors (31). CD34 positivity is noted in up to 80% of
gangliogliomas (although typically sparing the dysplastic neu-
rones) (30), some DNT [typically lacking in the myxoid tumor
components but more often in diffuse DNT (36, 189, 272)] and
84% of PXA (233). Moreover, the pattern of CD34 labeling,
highlighting nodular architecture, satellite cortical peri-tumoral
micronodules and small mutipolar cells, is very typical and helpful
in their evaluation, particularly in a small biopsy or marginal
sample. CD34-positive cells more often co-express neuronal
markers, such as NeuN (31) and nestin (272), than astrocytic
markers. Abnormal calbindin expression has been noted in a
high proportion of glioneuronal tumors in epilepsy including gan-
gliogliomas (272), although its expression in non-LEAT CNS
tumors is relatively unexplored. The phosphorylated ribosomal S6
protein (PS6) may represent an additional marker, which can be
used to detect the neuronal component of ganglioglioma, indicat-
ing activation of the Pi3K-mTOR pathway in this tumor (37).
Immunocytochemical detection of adhesion molecule on glia
(AMOG) shows a pattern of immunoreactivity similar to that
observed for CD34 and AMOG co-localizes with CD34 (37).
Thus, both CD34 and AMOG may help to identify a population of
glioneuronal precursor cells in ganglioglioma.

MOLECULAR DIAGNOSTICS IN LEAT
Although the current gold standard method for the diagnosis of
LEATs still relies on histological evaluation, the recent knowledge
in the underlying molecular pathogenesis of these tumors provides

new interesting tools, not only for understanding their histogenesis,
but also to improve their diagnosis. Thus, assessment of specific
molecular markers could represent a useful approach to separate
the different entities (Table 3).

Mutations in IDH1 and IDH2 genes are common in grade II
diffuse gliomas (~70% to 80%) regardless of cell type (17, 51, 52,
110, 144). IDH1 and IDH2 mutations are generally not detected in
PA and gangliogliomas (40, 71, 152), although a mutation has been
reported in one of 18 gangliogliomas (with prominent astrocytic
component) analyzed (71). Thus, IDH1 mutations may represent a
useful marker for the differential diagnosis between WHO grade II
astrocytoma or oligodendroglioma and grade I gliomas, such as
PA and ganglioglioma. In contrast to IDH1 and IDH2 mutations,
BRAF V600E mutations were found in PA and GG, whereas glio-
blastomas and other gliomas, including diffuse astrocytomas WHO
grade II, were characterized by a low frequency or absence of
mutations (250, 251). Thus, combined molecular analysis of BRAF
and IDH1 may represent a sensitive and highly specific approach to
separate a PA or ganglioglioma from diffuse astrocytoma (40, 152).
Molecular analysis of BRAF and IDH1 can also be useful in the
differential diagnosis between diffuse astrocytoma and PXA, as in
the latter tumor, mutations in the IDH1 gene were not detected
(17, 84), but analysis of BRAF V600E mutation has revealed high
mutation frequencies ( (71, 89, 251).

Very little is known about the molecular pathogenesis of DNTs.
The few genetic studies performed on limited numbers have argued
against the contribution of mutational events in genes with patho-
genic relevance in other glial tumors (e.g. TP53, EGFR, PTEN,
BRAF) (71, 132, 235, 251). A more recent study in a large series of
DNTs shows PTEN and IDH1 mutations in only 3 of 73 cases (272)
(Figure 4). As outlined previously (see paragraph on oligodendro-
glioma), LOH 1p/19q represents the hallmark alteration in oligo-
dendrogliomas (up to 80% of tumors). There is some evidence that
oligodendrogliomas with 1p/19q LOH present more often with
seizures (3). Previous LOH studies in DNT have failed to detect
1p/19q loss, suggesting that the 1p/19q LOH favors a diagnosis of
oligodendroglioma, particularly in cases in which the quality or
size of the biopsy raises does not allow a definitive diagnosis based
on routine histology (93, 222, 232). One should keep in mind,
however, that pediatric oligodendrogliomas typically lack 1p/19q
codeletions such that genetic testing is of limited assistance in this
age group (153, 227). Combined 1p/19q loss has also been reported
in two DNTs with evolution to grade II oligodendroglioma (103).
However, more recent studies indicate the occurrence of 1p/19q
loss or isolated 9q loss in a subset of DNTs, displaying a favorable
biologic behavior, similar to typical grade I tumor (71, 272).

A practical limitation regarding the molecular analysis of
LEATs, particularly the rarer types, is that a single center can
collect relatively few cases of a particular entity compared with
more common gliomas. Furthermore, tumor groups may be
selected based on specific histological features which may intro-
duce bias. Different methodologies used (with different sensitivi-
ties), as polymerase chain reaction (PCR)-based methods and
fluorescence in situ hybridization (FISH) may also influence
results. Finally, a key issue in the analysis of low-cellularity, corti-
cally based tumors is the frequent admixture of contaminating
non-neoplastic cells, potentially leading to false-negative findings.
In summary, molecular and histological diagnoses in LEATs
should be carried out as parallel assessments with neither one
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necessarily trumping the other. Future studies carried out in central
referral centers amalgamating large collections of LEATs are likely
to advance our knowledge of this area.

MECHANISMS OF EPILEPTOGENESIS
The association between epilepsy and brain tumors has been
observed for over a century. In 1882, the neurologist Hughlings
Jackson made the important observation that epilepsy often repre-
sents the initial and only clinical manifestation of glial tumors.
In addition, Jackson was the first to recognize the relationship
between tumor epileptogenicity and involvement of cortical gray
matter in patients with brain tumors (126, 307). Jackson’s ideas on
the epileptogenicity of brain tumors have subsequently been rein-
forced by clinical studies emphasizing that pharmacologically
intractable epilepsy critically affects the daily quality of life of
patients with brain tumors, even if the tumor is otherwise under
control [for review, see (67, 228, 280)]. The incidence of brain
tumors in patients with epilepsy is about 4% and the frequency of
epilepsy in patients with brain tumors is 30% or more depending on
the type of the tumor (280).

In principle, any tumor (extra-axial, intra-axial, benign or
malignant, common or uncommon) can cause seizures. However,
patients with supratentorial low-grade glial and glioneuronal
tumors are more likely to develop epilepsy (67, 280). In particular,
the entities discussed previously (LEATs) are associated with long
histories of pharmacologically intractable seizures, which repre-
sent the first, and in some cases, the only clinical manifestation
of the tumor (30, 173, 280).

Understanding the mechanisms that underlie epileptogenesis in
LEATs is essential to identify new treatment targets and to develop
effective therapy. A number of hypotheses have been put forward
during the past decades that could explain increased excitability in
patients with brain tumors. It is likely that multiple mechanisms are
involved, including both tumor-related factors (tumor size, tumor
location), as well as peri-tumoral changes (67, 228, 280).

Tumor-related factors

An MRI-based morphometric study indicates that the influence of
tumor size on the propensity to cause seizures varies with the grade
of the tumor (160). High-grade tumors that present with seizures
are usually smaller in size than high-grade tumors without seizures,
whereas low-grade tumors that present with epilepsy are often
larger than those without associated epilepsy. The propensity to
develop seizures is higher in patients with temporal, frontal or
insular low-grade tumors (160, 280). Thus, the usual localization
of LEATs in the temporal and frontal lobe, often with cortical
involvement, may partially explain the raised likelihood of
epileptic activity in this group of tumors.

The strong association of specific histological tumor types (such
as the glioneuronal tumors, ganglioglioma and DNTs) with chronic
seizures suggests that the cellular composition and neurochemical
profile of these tumors may be relevant for epileptogenesis. Several
studies have supported the intrinsic epileptogenicity of glioneu-
ronal tumors, indicating the presence of a hyperexcitable neuronal
component in these tumors [for review, see (29, 30)]. Analysis of
electrocorticographic patterns in glioneuronal tumors (86) reveals
that a relatively high neuronal density in the lesion is associated

with highly epileptiform discharge patterns, such as continuous
spiking or recruiting discharges, sustaining the hypothesis of a
neuronal tumor component functionally integrated into excitatory
circuitries. Immunocytochemical studies have demonstrated high
expression of specific glutamate receptor (GluR) subtypes, includ-
ing both ionotropic and metabotropic glutamate receptors (mGluR)
in the neuronal component of ganglioglioma and DNT (7, 295,
296). These findings suggest a central role for glutamatergic trans-
mission in the mechanisms underlying the intrinsically high epilep-
togenicity of glioneuronal tumors. More recent studies analyzing
the gene expression profile of ganglioglioma support the existence
of developmental alterations in the balance between excitation and
inhibition within the lesion (12, 83, 243). Single cell analysis of the
dysplastic neurons in gangliogliomas demonstrates a prominent
expression of the mGluR5 (243). In contrast, several GABAa
receptor (GABAAR) subunits (including a1, a5, b1, b3 and d
subunit) are down-regulation, suggesting impairment of GABAer-
gic inhibition (12, 243).

Increase of the sodium-potassium chloride co-transporter
(NKCC1) expression and a reduced expression of the potassium-
chloride co-transporter KCC2 has also been reported in gan-
gliogliomas (10, 12). The expression patterns of NKCC1 and
KCC2 resemble the expression patterns observed in immature
brain and support the hypothesis of a failure of developmental
maturation in the pathogenesis of these tumors. Moreover, the
reported deregulation of these transporters could actively contrib-
ute to the epileptogenicity of ganglioglioma via modulation of
GABA receptors (300).

Glutamate appears to play a central role in the biology of glial
tumors and their epileptogenicity (65). Glial tumor cells respond
to glutamate through activation of ionotropic and metabotropic
glutamate receptors which have been shown to be expressed in both
astroglial and oligodendroglial tumors (7, 65, 295). Glutamate
receptor activation has been suggested to trigger electrical
activity in human glioma cells (295). Underediting of glutamate
receptor GluR2, associated with increased alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
Ca2+ permeability, has been observed in gliomas and proposed as
epileptogenic mechanisms in these tumor types (175). However, in
high-grade glial tumors such as glioblastoma, a down-regulation
and mislocalization of AMPA receptor has been reported, suggest-
ing a possible mechanism to explain the lower excitability in a
glutamate-rich environment, of high-grade tumors compared with
low-grade tumors (281).

Attention has also been focused on the deregulation of glutamate
uptake and release (65, 255). Decreased expression of glial
glutamate transporters has been observed in both glial and glio-
neuronal tumors and may contribute to tumor epileptogenesis,
increasing the extracellular glutamate concentration (243, 304).
Interestingly, activation of mGluR5 which is expressed in human
glioma cells in vivo, as well as in vitro, has been shown to down-
regulate the expression of glial glutamate transporters in vitro (8,
96). In addition, it has been recently demonstrated that glutamate,
produced and released from glioma cells via the Xc

- system (a
Na+-independent cysteine-glutamate transporter), may contribute
to neuronal hyperexcitability and epileptic activity (45, 65, 303).

Disturbed communication between cells, resulting from an
altered expression of gap-junction channels (connexins), may
also contribute to epileptogenesis (264). Low-grade gliomas
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demonstrate overexpression of connexin 43, while oligodendro-
glioma and glioneuronal tumors show overexpression of connexin
32 (6). An additional potential mechanism underlying tumor-
associated epilepsy is represented by an altered potassium homeo-
stasis resulting from both reduced glial inwardly rectifying K+

channel currents and mislocalization of Kir4.1 channels (28, 38,
198). Also, the gene expression profile of ganglioglioma with low
expression of several potassium channel genes suggests a disturbed
ion homeostasis and transport that could lead to increased excit-
ability in these tumor types (12).

Neuron-glia interactions involving pro-inflammatory molecules
may also play a critical role in the generation of seizures in glial and
glioneuronal tumors [for review, see (5, 67)]. Both gene expression
and immunocytochemical studies provide evidence for a prominent
activation of the inflammatory response in glioneuronal tumors
(9). In particular, consistent findings in GG include up-regulation
of inflammatory interleukins (such IL-1b) and activation of both
the complement cascade and the Toll-like receptor pathway (12,
231). Interestingly, several observations strongly support the
proconvulsant and ictogenic properties of inflammatory molecules
and suggest a pathogenic role for inflammation in epilepsy
[reviewed in (283, 284)]. The prominent increased expression of
the immune response with activation of the complement cascade
and the production of pro-inflammatory cytokines observed in
brain tumors may induce alterations of the blood–brain barrier
(BBB), which could play an additional role in the tumor epilepto-
genicity (259).

Alterations in Pi3K-mTOR pathway components in GG have
been recently reported (243, 249). Interestingly, recent studies have
demonstrated the critical role of this pathway in epileptogenesis
and the anti-epileptogenic potential of mTOR inhibitors (297, 311).

Peri-tumoral changes

The peri-tumoral region may also be relevant for the generation and
propagation of seizure activity (280). Both functional and immuno-
cytochemical studies support the epileptogenicity of the peri-
tumoral zone, demonstrating network alterations and revealing
cytoarchitectural and neurochemical changes in the cortex resected
from patients with tumor-associated intractable epilepsy (228,
280).

Abrupt tissue damage with isolation of cortical area (deafferen-
tation) and the deposition of hemosiderin have been potentially
implicated as causes of seizure activity in rapidly progressive high-
grade tumors (259). Experimental studies have shown that glioma
invasion may alter the discharge properties of neighboring neurons,
converting them to bursting cells, hence providing “pacemaker”
cells driving the neuronal networks surrounding the tumor (146).
In addition, a more recent study through system xc- activates
glutamate receptors on peri-tumoral neurons, leading to neuronal
hyperexcitability and epileptic activity. Interestingly, treatment
with sulfasalazine (SAS, a drug that blocks system xc-) has been
shown to reduce epileptic activity in glioma-bearing mice (45).
Whether this mechanism could also play a role in the epileptoge-
nicity of slowly growing, diffusely infiltrating, grade II glial tumors
(such as diffuse astrocytoma or oligodendroglioma), requires
further studies.

Hypoxia and acidosis, ionic changes, enhanced intercellular
communication through increased expression of gap junction

channels in the peri-tumoral region have also been suggested as
potential mechanisms affecting epileptogenesis in gliomas (6, 228,
280). Perilesional changes, involving both excitatory and inhibi-
tory pathways, have been reported in glioneuronal tumors with,
in particular, a complex alteration of the GABAergic system in
patients with ganglioglioma (11). In addition, it has been recently
shown that an altered neuronal expression of NKCC1 and KCC2 in
peri-tumoral tissue of glial tumors may lead to a positive shift of
EGABA (depolarized reversal potential), supporting the key role of
these Cl(-) transporters in tumor-related epilepsy (60).

Enzymatic changes have been demonstrated in peri-tumoral
tissue (259). These changes may impair neurotransmitter synthesis
and storage, leading to increased neuronal excitability. In particu-
lar, the dysregulation of adenosine kinase (ADK; key metabolic
enzyme for the regulation of extracellular adenosine levels)
observed in peri-tumoral infiltrated tissue of glioma patients with
epilepsy supports the role of this enzyme in tumor-associated
epilepsy (66).

Finally, the potential contribution of peri-tumoral cortical dis-
organization (coexistence with cortical dysplasia) has to be consid-
ered in the evaluation of the epileptogenicity of LEAT and in
particular of glioneuronal tumors (35).

ASSOCIATED PATHOLOGIES
INCLUDING CORTICAL DYSPLASIA
The main types of pathology coexisting with LEATs include hip-
pocampal sclerosis and malformation, in particular focal cortical
dysplasia (FCD) (223). The presence of hippocampal sclerosis in
association with a LEAT is considered a dual pathology whereas
FCD is not. In one large series of 30 DNTs, where mesial temporal
structures were resected, the more common observation was an
absence of hippocampal sclerosis; when sclerosis was present,
atypical patterns of end folium sclerosis predominated over classi-
cal hippocampal sclerosis (272).

Cytoarchitectural abnormalities in the cortex adjacent to low
grade glial and glioneuronal tumors (180, 242) in epilepsy have
long been recognized, albeit variably reported. Previously classi-
fied as Palmini type I or II FCD (204), in the new International
League Against Epilepsy (ILAE) classification they are grouped
together as FCD Type IIIb (35). One interpretation of this associa-
tion was that a preexisting region of cortical malformation forms
the “dysembryoplastic” bed from which tumors arise. In support of
this temporal relationship, however, the observation of tumors
developing from a preexisting cortical dysplasia is infrequent (200)
and furthermore cortical dysplasia is not always present with
LEATs. The new ILAE classification of cortical dysplasias now
recognizes that acquired, “re-organisational” cortical changes can
occur in the maturing postnatal brain, simulating a developmental
dysplasia. It seems more likely that peri-tumoral FCD-like changes
develop in synchrony with or secondary to the slowly growing
tumor.

Common cytoarchitectural changes reported in the adjacent
cortex, which may extend into the adjacent gyrus, are layer I hyper-
cellularity, cortical (and white matter) satellite clusters of small
immature cells (both can be highlighted with CD34 and may be
indistinct on H&E) and a paucicellular cortex with less distinct
lamination (Figure 1E). In addition, white matter rarefaction may
be present, reminiscent of the developmental hypomyelination
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observed in FCD IIb (50) (Figure 1E). The interpretation of some
of these histological features, as tumor precursor lesions or second-
ary tumor structures, is still speculative and further harmonization
of the criteria for FCD IIIb is required. This is exemplified by
the marked variation in the observation of dysplasia adjacent to
tumors. For example with DNT, FCD was reported in 47% of
tumors in the original series (63), but in subsequent series its recog-
nition varies between 0% (48) and 83% of cases (268), which likely
relates to observer diagnostic criteria (54). Incorporating NeuN as
a recommended practice (35) in addition to H&E in the evaluation
of cyto-architecture is likely to improve accuracy in distinction
of FCD from cortical disruption at tumor infiltration margins
(Figure 1G). Also of fundamental importance, as raised previously,

the contribution of perilesional (dysplastic) cortex to epileptogen-
esis is pertinent to surgical planning, with evidence both for and
against this strategy (18) (see Figure 1F–H) in individual cases.
This question will be best addressed through studies of large tumor
series, rather than anecdotal cases, with accurate pathological and
electrophysiological correlation.

FUTURE DIRECTIONS IN LEAT
TERMINOLOGY
Future modifications to the current classification system, based
on further advances in molecular and histological delineation
of such tumors, are inevitable. This need is highlighted by the
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Figure 11. Model for a proposed future modification of the current clas-
sification of LEATs. This is based on histological criteria with addition of
“diffuse LEAT” and “mixed LEAT” entities, as well as a LEAT “N.O.S.”
category for tumors that remain difficult to classify. Regarding the diag-
nosis of DNT, these are no longer split into simple and complex sub-
types, as there is no evidence to confirm clinical relevance (either in
terms of tumor progression or seizure outcome) of categorizing DNT into
these two groups. Furthermore, the diagnostic criteria for DNT is based
on a constellation of two or more histological features and a glioneuronal
element is therefore not an essential criterion. In respect to the pres-
ence of cortical dysplasia, this is regarded as a “diagnostic aid” but not
a histological criterion. Similarly, molecular genetics and immunohis-

tochemistry (other than GFAP and synaptophysin for assessment of
glioneuronal differentiation) are diagnostic aids. The relative contribution
of tumor components in the “Mixed LEAT” requires further clarity;
however, the additional finding of PA-like regions in DNT should no
longer be regarded as a component of “complex” DNT but diagnosed
as a mixed tumor type. “DNT like” tumors arising in the periventri-
cular region are distinct from the cortical based DNTs. DNT =
dysembryoplastic neuroepithelial tumor; GFAP = glial fibrillary acidic
protein; IHC = immunohistochemistry; LEAT = long-term epilepsy asso-
ciated tumor; LOH = loss of heterozygosity; MG = molecular genetics;
OLC = oligodendroglial-like cells; PA = pilocytic astrocytoma; PXA =
pleomorphic xanthoastrocytoma.
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marked variation in the relative incidence in the reporting of gan-
gliogliomas and DNT between centers (Table 1). The explanation
is likely to be differences in interobserver diagnostic criteria,
as discussed previously, rather than true geographical variation.
Modifications are also necessary in order to incorporate currently
difficult to classify tumors including mixed and nonspecific
tumor types.

LEATs with mixed tumor features

“Mixed” tumors in this context refer not to evidence of both glial
and neuronal differentiation at the cellular level but to “hybrid”
tumors which bear typical growth patterns of different tumor enti-
ties. Transition or mixed forms of ganglioglioma and DNT have
long been recognized, representing up to 2%–6% of tumors in
epilepsy surgical series (36, 113, 216, 219, 261, 272). There are
also reports of composite tumors with features of both PXA and
ganglioglioma (79, 151, 166, 210, 266, 277), PXA with DNT (123)
and PXA with an oligodendroglioma (111, 211). Cases where a PA
developed within a DNT (136, 310), as well as PA in combination
with a low-grade oligodendroglioma (138), have been noted. Such
combinations suggest intriguing links between these low-grade
tumors and that they might represent a phenotypic spectrum.
Although the accurate grading and classification of mixed tumors
are challenging, there is no clear evidence to suggest enhanced
atypical behavior or adverse outcomes.

LEATs with diffuse growth pattern

It is increasingly clear that a proportion of tumors in patients with
long-standing epilepsy has diffuse (predominantly cortical) growth
patterns but fall short of the classical diagnostic criteria and fea-
tures of ganglioglioma, DNT or other recognized tumor type.
“Non-specific” or “diffuse” DNTs have been proposed for these
tumors; however, this terminology has not been universally
accepted by all centers, and many pathologists cautiously reserve
the term DNT for only those cases with a “specific” glioneuronal
component. Furthermore, as detailed previously, diffuse astrocytic
“isomorphic gliomas” with grade I behavior have been described in
epilepsy patients. This leaves us with a gap in the current WHO
classification for such diffusely growing, biologically grade I
LEATs.

Proposals for future LEAT terminology

Any revisions to the current classification system for LEATs will
follow consensus agreement across disciplines (following the
ILAE FCD taskforce format (35)), based primarily on histologi-
cal criteria, but incorporating immunohistochemistry markers and
novel molecular genetics data that may aid in tumor categoriza-
tion. New classifications should be unambiguous and evidence
based, enabling improved agreements in LEAT nomenclature
between centers which, in turn, will allow reliable prognostic
information to emerge. A model for future LEAT terminology is
presented in Figure 11. A further future consideration is regional
reorganization, including establishing centers or mechanisms
for central pathology review, particularly for less conventional
LEATs.

CONCLUSIONS
In the last several years, there have been major advances in the
recognition of a wide spectrum of tumors associated with epilepsy.
We have highlighted some of the current controversies in their
classification. Analogous to establishing consensus criteria in the
diagnosis of focal cortical dysplasias in epilepsy (32), it is impera-
tive that similar uniformity in diagnosis is a target for LEATs and
will be the subject of future ILAE taskforce groups. Identification
of molecular genetic signatures that are unique or contrary to a
tumor type or that unite a group of tumors, will further advance our
diagnostic accuracy, terminology and biological understanding.
Furthermore, establishing markers which identify cases likely to
behave in a more aggressive manner, as well as mechanisms that
generative seizures, is a primary research goal in our understanding
of these neoplasms. A refinement of the histopathological classifi-
cation of LEATs would have a great value for diagnosis and create
the basis for new therapeutic strategies in refractory epilepsy.
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